The location and some characteristics of rat adrenal C19-steroid 5oc-reductase were investigated by using [7a-3H]androst-4-ene-3,17-dione and [7a_-3H]testosterone as substrates. The enzyme system was shown to be NADPH-dependent and associated with the microsomal fraction. In addition, some evidence was also obtained for the existence of a separate NADH-dependent system in the soluble fraction. Further investigation of androst-4-ene-3,17-dione metabolism by subcellular fractions indicated the presence of NADH-dependent 3a-and 3fl-hydroxy steroid dehydrogenase systems in the microsomal pellet. This pellet also appeared to contain an NADH-dependent 17fl-hydroxy steroid dehydrogenase system, and a similar though separate system was detected in the cytosol. Malate (20mM) effectively inhibited the microsomal Clg-steroid Soc-reductase, which showed similar values for Km and Vmax. when either androst-4-ene-3,17-dione or testosterone was used as substrate. Cytochrome c was added to all incubation mixtures used for the determination of these values to inhibit the formation of metabolites other than 5a-androstane-3,17-dione and 5a-dihydrotestosterone (17,B-hydroxy-5a.-androstan-3-one) respectively. It was also found that corticosterone did not inhibit the Sa-reduction of androst-4-ene-3,17-dione under these conditions, indicating that separate enzymes exist for the So-reduction of Cl9-and C21-steroids in the rat adrenal.
Radioactive substrates. [7ac-3H]Androstenedione (specific radioactivity 3.1 Ci/mmol) and [7ac-3H] testosterone (17/3-hydroxyandrost-4-en-3-one) (specific radioactivity 5.4Ci/mmol) were obtained from The Radiochemical Centre, Amersham, Bucks., U.K. The purity of these materials was checked by reverse isotope dilution with chromatography on thin layers of silica gel in a number of solvent systems before and after derivative formation.
Methods
Preparation of subcellular fractions of rat adrenal tissue. Animals were killed by cervical dislocation and the adrenal glands removed as rapidly as possible and placed in a Petri dish on ice. The glands were cleared of fat and decapsulated, before preparation of a 10% (w/v) homogenate in 0.25M-sucrose containing 3mM-MgCl2 by using a glass homogenizer with steel pestle (Philpot & Stanier, 1956 ). Subcellular fractions were obtained by differential centrifugation and designated as follows: 750g pellet, nuclear; 26 300g pellet, mitochondrial; 105OOOg pellet, microsomal; 105000g supernatant, soluble. The mitochondrial and microsomal pellets were washed by resuspension and re-centrifugation. The nuclear pellet was resuspended in 0.25M-sucrose containing 3mM-MgC12 (1.6ml) and layered on a discontinuous gradient of 1.6M-and 2.0M-sucrose solutions both containing 3mM-MgCl2(1 .6mlofeach). Aftercentrifugation at 50750g for 30min the nuclei were located at the interface of the 1.6M-and 2.0M-sucrose solutions, removed and collected as a pellet after re-centrifugation in 0.25M-sucrose at 750g. The protein content of each fraction was measured by the method of Lowry et al. (1951) with bovine serum albumin [Sigma (London) Chemical Co., London S.W.6, U.K.] as standard.
Incubation conditions. The medium used was based on that of Griffiths & Glick (1966) and in the initial experiments an NADH-generating system was included. This consisted of malate, at a final concentration of 20mM, malate dehydrogenase [Sigma (London) Chemical Co.] dissolved in (NH4)2SO4 (33%, w/v) (0.5 unit/ml) and NAD+ (0.18mM). In later studies the reduced-cofactor-generating systems were omitted and NADH and NADPH added as indicated. The medium contained the following cofactors (final concns.): pH7.4, 43.02mM; KCl, 42.82mM; MgSO4, 3.16mM; ATP, 0.94mM. A solution of the radioactive precursor in ethanol was placed in an incubation vessel together with propylene glycol (0.1 ml) and the ethanol evaporated in a stream of air at 50°C. The medium was then added followed by the subcellular fraction, after the vessel and both constituents had attained a temperature of37°C. Incubations were performed in a shaking water bath at 37°C in an atmosphere of air and terminated by the addition of ethanol-acetone (1:1, v/v) (5ml), containing known quantities of appropriate carrier steroids.
Extraction and measurement of steroids. The precipitated material was removed by centrifugation and washed with a further 5ml of ethanol-acetone (1:1, v/v). The combined extracts were dried in a stream of air at 50°C and water (2ml) was added. The mixture was then extracted with diethyl ether (2 x 5ml) and after evaporation of the ether the steroid fraction remaining was subjected to extensive t.l.c. Formation of derivatives and measurement of steroids was described by Maynard & Cameron (1972) . T.l.c. systems used were: (I) chloroform-acetone (37:3, v/v); (II) cyclohexane-ethyl acetate (11:9, v/v) conditions. In all subsequent incubations the NADH-and NADPH-generating systems were omitted and the purified reduced cofactors added.
Localization ofsteroid-metabolizing enzymes
Rat adrenal tissue (0.5g) was subjected to differential centrifugation and the subcellular fractions were made up to the volumes indicated above. A portion of each (0.3 ml) was incubated with 0.21 ,uCi of [7cc-3H]androstenedione for 3h with the addition at hourly intervals of 44nmol of NADH, NADPH or both. A control without added cofactor was also prepared. At the end of the incubation period the following carrier steroids (200,Lg) were added to each incubation: androstenedione, testosterone, epitestosterone (17ox-hydroxyandrost-4-en-3-one), 5a-androstanedione (Soc-androstane-3,17-dione), androsterone (3oc-hydroxy-Soc-androstan-17-one), epiandrosterone (3p-hydroxy-5a-androstan-17-one), 5a-dihydrotestosterone (17#-hydroxy-5a-androstan-17-one), 5oc-androstane-30c,17,-diol, 5oc-androstane-3fl,17fl-diol, 1 l,B-hydroxyandrostenedione(I 1 -hydroxyandrost-4-ene-3,17-dione). Metabolites were identified by the detection of radioactivity on thinlayer chromatograms associated with carrier steroids and their derivatives after extensive t.l.c. in a number of systems.
Whole homogenate. In a portion of the whole homogenate, containing 297,ug of protein, the pattern of metabolites detected was similar to that described previously (Maynard & Cameron, 1972) (228,ug of protein) testosterone was the major metabolite found under all conditions, and to approximately the same extent throughout. In addition, when NADH was present a small amount of radioactive material was found, with a mobility identical with that of epiandrosterone. Microsomal fraction. Metabolism by this fraction (309,ug of protein) was different under the four conditions. There was insignificant metabolism when both NADH and NADPH were omitted from the incubation. With NADH alone the only detectable metabolite had chromatographic characteristics identical with those of testosterone. When NADPH alone was added only one identifiable product was found, and this was associated with 5a-androstanedione and its derivatives in all t.l.c. systems. However, in all incubations in which NADPH was included a quantity of polar material was also found, which remained unidentified. With both reduced cofactors added the major metabolite was epiandrosterone, with only small amounts of testosterone, 5a-androstanedione, 5a-androstane-3ac,17fl-diol, Sc- androstane-3fl,17fl-diol and androsterone. A considerably larger quantity of 3fl-hydroxy steroids (epiandrosterone and 5oc-androstane-3fl,17,B-diol) was found than of 3a-hydroxy steroids (androsterone and 5oc-androstane-3ac,17fl-diol).
Mitochondrialfraction. Metabolism by this fraction Vol. 132 was low, although 420,ug of protein was incubated. The pattern of metabolites was similar to that found in incubations with the microsomal fraction, with the addition that 1 l,B-hydroxyandrostenedione was found when NADPH was included.
Nuclear fraction. Although the pattern of metabolites in incubations of this fraction (1 17,tg of protein) was again similar to that found in the microsomal incubations the total amount of metabolism was small. However, there appeared to be small quantities of epiandrosterone produced in the presence of NADH. Small amounts of 1lIl-hydroxyandrostenedione were also found in incubations with NADPH.
In all incubations of subcellular fractions there were greater quantities of the 3fl-than of the 3c-hydroxylated derivatives detected although in incubations of whole tissue comparable amounts of both were produced.
Studies on 5oc-reductase in the microsomalfraction To inhibit hydroxylation reactions, cytochrome c was included in the medium at a final concentration of 0.08mmm in all incubation mixtures for study of the 5aS-reductase of the microsomal fraction, a system that has been used in studying the 5a-reduction of androstenedione by rat liver microsomal preparations (Martin et al., 1971) . NADPH was included at a concentration of 0.28mM at the beginning of the incubation period. The time-course of the 5a-reduction of androstenedione was examined by resuspending the microsomal pellet from 0.4g of rat adrenal only two radioactive regions were detectable, associated with the two carrier steroids. After elution and acetylation of each region they were run again in the same system, and a portion of each was reduced. The testosterone formed from androstenedione was chromatographed in t.l.c. system (I) and the 5a-androstane-3fi,17f,-diol formed from Sa-androstanedione in t.l.c. system (III). Specific radioactivities were determined after further chromatographic purification in the appropriate systems, and radiochemical purity of the steroid was taken to be established for the purpose of the enzyme assay if the specific radioactivity of the free and reduced steroid differed by not more than 10%. These values are shown in Table 2 and the time-curve in Fig. 1 The microsomal pellet from 0.5g of rat adrenal tissue was resuspended in 0.25M-sucrose (3.5ml) and a portion (0.5ml) containing 0.29mg of protein was incubated in an equal volume of medium with different concentrations of testosterone, each containing 2.0,uCi of [7a-3H]testosterone. Samples (0.4ml) were taken after 5 and 15min and added to ethanolacetone (1:1, v/v) (5ml) containing 300,ug each of testosterone, 5a-androstanedione and 5a-dihydrotestosterone. After extraction the ether fraction was chromatographed in t.l.c. system (IV), the three steroid regions were removed and the Soc-androstanedione and 5oc-dihydrotestosterone regions were subjected to acetylation. The Soc-androstanedione was treated as indicated above and in all cases the radioactivity in this steroid was not significantly above zero. As before, the specific radioactivities of the isolated substrate indicated that 5ac-dihydrotestosterone was the only product of [7ox-3H]testosterone metabolism under these conditions. The 50c-dihydrotestosterone acetate was chromatographed in t.l.c. system (V), and after elution a part was hydrolysed. Both the free and acetylated steroids were rechromatographed before determination of specific radioactivity. The values are given in Table 4 and the I/v against 1/s plots are shown in Fig. 3 . The value for Km was 3.25x10-6±0.06x10-6M and for Vmax. was 0.039+0.1 nmol/min per mg of protein.
Effect ofcorticosterone on the 5cx-reduction of[7oc-3H]-androstenedione
The microsomal pellet from 0.5g of rat adrenal tissue was made up to 3.5ml and portions (0.2ml) (99,g of protein) were incubated for 5min with different concentrations of androstenedione (each containing 0.56,uCi of [70c-3H]androstenedione) in the presence of various concentrations of corticosterone. The radioactivity associated with 5cc-androstanedione was analysed after the addition of 300,ug of authentic steroid as carrier at the end of the incubation period, and the specific radioactivities of the free and of the reduced steroid were determined and are shown in Table 5 together with the quantity of product formed. The results indicate that there was no significant effect on the rate of 5oc-reduction of [7oc-3H] androstenedione by the presence of corticosterone in the incubation medium.
Discussion
The finding that in incubations of homogenates of normal rat adrenal tissue [7ac-3H]dehydroepiandrosterone (3/3-hydroxyandrost-5-en-17-one) was converted principally into 5ac-reduced compounds (Maynard & Cameron, 1972 ) provoked a more detailed study of the Cl9-steroid 5a-reductase enzyme in the rat adrenal gland. In attempts to find a suitable assay system for use with subcellular fractions it was found that malate (20mM) inhibited metabolism of [7oX-3H] androstenedione by all subcellular fractions and whole homogenized tissue. It is possible that this and other tricarboxylic acid-cycle intermediates may directly control steroid metabolism in the cell in addition to providing a control in the production of reduced cofactors. In this context it has been reported that malate, in the presence of glucose, inhibited 1973 (Scoon & Major, 1972 and was also NADH-dependent. Since the greatest activity was found in the microsomal fraction it is possible that the activity in the other fractions was due to contamination by microsomal material. A similar enzyme involved in the conversion of a A5-3fl-hydroxy steroid into a A4-3-oxo steroid has been found in the microsomal fraction of ox adrenal gland (Beyer & Samuels, 1956 ) and in the microsomal and mitochondrial fraction of rat adrenal tissue (Basch & Finegold, 1971) . Testosterone was found after incubation of both the microsomal and soluble fractions, indicating the presence of a 17fl-hydroxy steroid dehydrogenase system. The addition or omission of NADH and NADPH in incubations with the soluble fraction did not appear to affect the quantity of testosterone produced from [7 -3H] androstenedione, indicating that the enzyme was acting at its greatest capacity with a saturating concentration of cofactor. The microsomal enzyme was NADH-dependent, but since its activity was not great the activity in the soluble fraction was probably not due to contamination by microsomal material. The finding of two 17/3-hydroxy steroid dehydrogenases in this tissue is noteworthy in that a similar bipartite distribution has been described in the liver of the rat (Aoshima & Kochakian, 1963) and of man (Littman et al., 1971) .
Clg-Steroid 5Lc-reductase activity was found predominantly in the microsomal fraction and was NADPH-dependent. Similar activity in the nuclear 1973 and mitochondrial fraction may have been due to contamination by microsomal material, but activity in the soluble fraction involved in the production of epiandrosterone occurred only in the presence of NADH, and it is possible that a second 50c-reductase exists in the 105000g supematant. Although activity is low per unit weight of protein compared with the microsomal enzyme, over 50 % of the recovered protein was found in the soluble fraction and this enzyme may be of physiological importance. The microsomal enzyme was investigated in more detail by using cytochrome c in the incubation medium to prevent other hydroxylation reactions (Orrenius, 1968) . In this system the only product formed from [7a.
-3H]androstenedione was Soc-[3H]-androstanedione (Fig. 1) , and this system was found to be a suitable assay for this enzyme. Since no testosterone or other 17-hydroxylated metabolites could be detected it appears that the introduction of cytochrome c to the medium also prevents reduction of the 17-oxo group.
The values of Km obtained for the 5a-reduction of both [7ae-3H]androstenedione and [7aC-3H]testosterone (2.62 x 10-6±0.8 x 1O-6M and 3.25 x 10-6±0.6 x 10-6M respectively) show that both steroids have similar affinities for the enzyme, although concentrations of testosterone are considerably higher than those of androstenedione in the rat peripheral circulation (Bardin & Peterson, 1967; Resko et al., 1968; Rivarola et al., 1968) . The rate of Sa-reduction is also similar in both cases (Vmax. values of 0.023± 0.005 and 0.039±0.1nmol/min per mg of protein respectively). A C21-steroid 5a-reductase has been described as occurring predominantly in the microsomal fraction of rat adrenal tissue (Kitay et al., 1971) and was also found to be NADPH-dependent. Incubation of [7ac-3H]androstenedione at various concentrations in the presence of corticosterone indicates ( Table 5) that there is no significant inhibition of reduction of the [7a-3H]androstenedione and that the C21-steroid and C19-steroid 5a-reductases are distinct enzyme systems.
The significance of the presence of the Cl9-steroid 5ac-reduction in the rat adrenal is obscure, although it may contribute to a control of the concentrations of biologically active androgens in the rat. The examination of possible mechanisms of control of the microsomal enzyme in the rat adrenal are the subject of the following paper (Maynard & Cameron, 1973) .
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